Groundwater and surface water interactions Riverbank filtration Riverbed clogging Hydraulic conductivity MODFLOW s u m m a r y A steady-state flow regime in riverbank well fields is often violated by fluctuations in river stages and variations in groundwater extraction. In this study, a criterion of quasi-steady flow during filtration processes at riverbank well fields was introduced. Under the assumption of steady-state flow, an analytical approach for determining the key hydraulic parameters (aquifer transmissivity and riverbed filtration resistance) between a stream and a hydraulically connected aquifer during riverbank filtration was presented. An optimal regular observation network (consisting of the locations of monitoring wells and the observation regime), which is based on the model-oriented approach using an example of a riverbank well field near the Kuybyshev Reservoir, Russia, was designed to minimise the uncertainty in the estimates of hydraulic parameters. The analyses showed that the initial recession in the surface water levels for the simplest constant groundwater withdrawal patterns can be used to determine the key hydraulic parameters; the error in these estimated parameters was less than 7% or 12%, depending on the designed monitoring network. When comparing the two typical monitoring networks, observation line A-A that passes midway through the water supply wells performed better than observation line B-B that passes through the water supply wells when estimating the hydraulic parameters. The results of this study can be used as a reference for designing and optimising a monitoring network that aims to determine the key hydraulic parameters at riverbank well fields.
Introduction
Riverbank filtration (RBF) is a managed surface-groundwater interaction process in which surface water is forced to flow downward through porous media into production wells that are installed on the banks of rivers and lakes under pumping stress (Dillon et al., 2002; Grischek and Ray, 2009; Ray et al., 2002) . RBF, which is an important part of managed aquifer recharge (MAR) systems (Rauch-Williams et al., 2010) , has been used for water supplies in Europe along the Rhine, Elbe, Danube, and Seine Rivers for over a century (Schubert, 2002; Tufenkji et al., 2002) and it has provided the majority of the drinking water for large cities in Russia (Filimonova and Shtengelov, 2013) , the USA Roy et al., 2012) , China (Wu et al., 2007) and other countries (Hamdan et al., 2013; Lee et al., 2009; Polomčić et al., 2013; Shamsuddin et al., 2014) over the last few decades. The obvious advantage of RBF is the conjunctive use of infiltrated surface water and groundwater from the alluvial catchments of intake structures (Polomčić et al., 2013) , which ensure long-term productivity and stability of the water supply (Sprenger et al., 2011) . Additionally, surface water contaminants can be significantly removed or degraded as the infiltrating water moves from the river/lake to the production wells due to a combination of physicochemical and microbiological processes (Hiscock and Grischek, 2002; Maeng et al., 2010; Singh et al., 2010; Weiss et al., 2005) .
However, as noted by Doussan et al. (1998) and Schubert (2002) , poor surface water quality, heavy clogging of the riverbed, and accidental pollution have already greatly threatened RBF systems. Importantly, the sustainability of RBF is affected by particulate organic matter, which intensifies physical or chemical clogging of riverbed (Baveye et al., 1998; Henzler et al., 2014;  http://dx.doi.org/10.1016/j.jhydrol.2015.02.004 0022-1694/Ó 2015 Elsevier B.V. All rights reserved. Hiscock and Grischek, 2002; Yong et al., 2013) and significantly reduces the hydraulic conductivity of riverbed as well as well yield (Schubert, 2002) . Moreover, the hydraulic relationship between surface water and aquifers may be transited from connected to disconnected systems (Brunner et al., 2011) due to the increasing hydraulic resistance of riverbed sediments during RBF processes (Wiese and Nützmann, 2009 ). Thus, sustainable water management at riverbank well fields requires fundamental investigations into the hydraulic properties of riverbed, which are considered an important indicator of riverbed clogging processes.
Numerous approaches have been developed to investigate the hydraulic properties of riverbed, including grain-size distribution analysis (Alyamani and Sen, 1993) , in-stream methods (Cardenas and Zlotnik, 2003; Chen, 2000; Landon et al., 2001; Rosenberry, 2008) , environmental tracer experiments (Anderson, 2005; Constantz, 2008; Roshan et al., 2012; Vogt et al., 2012) , a vadose zone monitoring system (Dahan et al., 2007 (Dahan et al., , 2009 ), water balance techniques (Fleckenstein et al., 2010; Kalbus et al., 2006; Shanafield and Cook, 2014) , and integrated surface-groundwater numerical modelling (Boano et al., 2013; Brunner et al., 2010; Doppler et al., 2007; Lautz and Siegel, 2006) . The hydraulic properties of the riverbed, which are estimated using the aforementioned methods, are mostly assumed to be constant over time in studies on riverbank filtration processes and the related surface-groundwater interactions (Baveye et al., 1998) . However, field investigations have documented both spatial and temporal variability in the hydraulic properties of riverbed (Chen et al., 2010; Genereux et al., 2008; Leek et al., 2009) , particularly in riverbank well fields, which are mainly associated with dynamic hydrological processes, such as groundwater extraction and changes in surface water levels (Levy et al., 2011; Zlotnik and Huang, 1999) . Therefore, as indicated by Schubert (2002) , the hydraulic properties of riverbed are principal factors for determining the volume of the bank filtrate, which cannot be regarded as constant during RBF investigations.
To understand the dynamic behaviour of the hydraulic properties of riverbed sediments during RBF processes, monitoring concepts that include continuous measurements of the surfacegroundwater level and well productivity over long periods (Shestakov, 1993) must account for the dynamic hydrological processes of the entire riverbank system (Hiscock and Grischek, 2002; Schubert, 2002) . The ultimate configuration of the monitoring network aims to determine the key hydraulic characteristics of the groundwater flow systems (Heath, 1976; Hudak and Loaiciga, 1993; Zhou et al., 2013) , which are based on the parameter estimations using monitoring materials (Loaiciga, 1989) . Nevertheless, the interpretation of the monitoring data, which targets the understanding of surface-groundwater interactions under induced filtration (e.g., riverbed clogging processes), remains a challenge due to the non-steady-state flow conditions under RBF. A reliable estimation of hydraulic parameters is highly dependent on the design of the monitoring network (Alzraiee et al., 2013) , which includes two important components: the network density and the sampling frequency (Zhou, 1996) . Conversely, such interpretation should also serve as a guide for optimising the existing monitoring network for further changes in hydrological and other conditions after a long period of RBF (Hudak and Loaiciga, 1993; Shestakov, 1993) . In this study, we provide an analysis of the hydrological conditions that formed during RBF at the riverbank well fields near the Kuybyshev Reservoir, Russia. The primary objectives of this study are to (i) reveal the filtration processes under the non-steady flow regime induced by surface water level fluctuations and by the instability of water withdrawal at the riverbank well fields; (ii) present methods for interpreting monitoring data at riverbank well fields using a steady-state assumption; and (iii) provide a numerical, model-based design of a monitoring network that aims to identify hydraulic parameters under induced filtration.
Theoretical foundation: analytical solution for parameter estimations under quasi-steady flow
Under steady-state flow conditions, the hydraulic properties of an aquifer and a semipervious riverbed are two key parameters that determine the surface-groundwater interaction at the riverbank well fields. The hydraulic properties of a semipervious riverbed that partially penetrates a horizontal non-leaky water table aquifer can be determined by the coefficient of the vertical leakage through the semipervious riverbed, v 0 (Shestakov, 1995) :
where k 0 and m 0 are the hydraulic conductivity [L/T] and thickness [L] , respectively, of the semipervious layer of the riverbed. To quantify the water exchange between the surface water and groundwater at riverbank well fields, Hantush (1965) and Shestakov (1965) proposed the concept of hydraulic resistance, which is defined as the equivalent loss through a horizontal semipervious layer of an insignificant storage capacity located between the aquifer and the river.
Consider the typical conditions of a two-layer structure of groundwater flow for an aquifer underlying a semipervious layer beneath a river with width N (Fig. 1) . The aquifer below the riverbed, which has a transmissivity T 0 , is covered with a semipervious layer that has a thickness m 0 and a vertical hydraulic conductivity k 0 . The effective length of additional hydraulic resistance in aquifer DL, which has the same hydraulic resistance as the riverbed, can be calculated by the following equation (Pozdniakov and Shestakov, 1998; Shestakov, 1965) :
where T is the transmissivity of the main aquifer at the riverbank [L 2 /T]. By introducing the effective length DL, which refers to the general hydraulic resistance of the riverbed, the riverbank is virtually shifted this distance and the river is changed from a semipervious-bottom river to a river that is perfectly connected with the aquifer (Fig. 1) ; this newly shifted river is used with the steady-state analytical boundary conditions with a constant head at the riverbank.
T 0 = T is usually assumed when calculating DL with Eq. (2). If a river has an infinite width, for example, an artificial reservoir or a large river where N > 3DL, then a simplified relationship between v 0 and DL would be produced (Pozdniakov and Shestakov, 1998; Shestakov, 1965) :
We assume that the flow in the main aquifer is essentially horizontal; therefore, the flow in the top semipervious layer is essentially vertical. As an approximation, we ignore the storage in the upper semipervious layer. The simplest and most common method of determining the parameter DL is to use the analytical solution that is widely used for steady (quasi-steady) flow regimes within single-layer aquifer systems. Systematic measurements of the river-water stages and the groundwater levels from the observation wells provide essential data needed to evaluate the interaction between groundwater and surface water. The observation line consists of six OWs, which are located in the direction of the groundwater flow and are installed in the aquifer with heads of H 1 , H 2 , H 3 , H 4 , H 5 , and H 6 (Fig. 1) . Note that the nearest OW to the riverbank is no closer to the shoreline than the equivalent thickness of the aquifer (Shestakov, 1995) .
Observations of the steady-state flow regime from the two wells along the observation line (OW1 and OW2) in the aquifer (Fig. 1 ) allow for the determination of DL without considering the influence of infiltration or evaporation (Shestakov, 1965) :
where H 0 is the water level in the river, I 1-2 is the hydraulic gradient in the direction of the flow between OW1 and OW2, and x 0-1 is the distance from OW1 to the riverbank. According to the groundwater balance analysis, the parameter T can be determined from the groundwater regime observations ( Fig. 1) :
where q w is the flow rate per unit width that follows the lines of OW; I r and I rb are the hydraulic gradients directed away from the river and riverbank, respectively; x 1-2 is the distance between OW1 and OW2; and x 4-5 is the distance between OW4 and OW5. When pumping groundwater at the riverbank well fields (Fig. 1) , the OW closest to the water supply well (WSW) lines should be avoided by locating the zone where the equipotential lines bend towards the pumping wells. q w in Eq. (4) is calculated as the ratio of the pumping rate Q w to the average distance between the WSWs r. When different pumping rates have the value of Q Note that when using the above analytical solutions, the premise of steady (quasi-steady) flows should be diagnosed by applying the criterion of stability to the head difference ratio of the two pairs of OWs (Shestakov and Wang, 2004) :
The steady-state flow assumptions should be examined alongside the river and alongside the riverbank (watershed); during floods, infiltration often intensifies due to melting snow cover and rainfall in spring and summer. In these conditions, the steady-state flow regime on the riverbank side is invalid (Shestakov and Pozdniakov, 2003) .
Study area
The Kuybyshev Reservoir (Fig. 3) Fig. 1 . Scheme of the water supply wells (WSWs) and observation wells (OWs) at the riverbank well field site (top) and a cross-sectional profile showing the hydraulic connection between the surface water and groundwater (bottom). H 0 is the water level in the river, L is the distance between the WSW and the river, DL is the effective length (i.e., additional hydraulic resistance) of the riverbed, L + DL is the distance between the WSW and the virtual river that is perfectly connected with the aquifer, and q rb and q r are the flow rates per unit width from the riverbank and river, respectively. Power Station, is the largest reservoir in Europe, with a surface area of 6450 km 2 (Rainey, 1999) . The average width of the Kuybyshev
Reservoir within the study region is approximately 11 km, and the average depth is 9 m. The water level in the reservoir from October 2004 to October 2005 varied between 50.67 m and 53.47 m; the water level is lowest in spring and highest in summer (Fig. 4) . The water level in the reservoir was 50.90 m during this period, with a 95% exceedance probability. The riverbank well field in this study is represented as a linear line with 28 WSWs, which are located parallel to the shore of the Kuybyshev Reservoir; the wells are 150-250 m from the shoreline (Fig. 3) . The distance between the water supply wells is approximately 200 m, except four pairs of water supply wells that are only 8-10 m apart. The wells have a diameter of 254-305 mm (10-12 in.), and they are drilled to a depth of 60-96 m.
Aquifers in the study site typically consist of unconsolidated sediments from Middle Quaternary (Fig. 5) . The main aquifer for groundwater withdrawal is composed of Likhvin-Dnieper sediments (aQ II l + d), including sand with gravel and pebbles over a 50-60 m thickness. Low-aquitard aquifers contain Jurassic clays to a depth of 80 m. The layer of brown silt at a 20-30 m depth separates the upper Odintsovo-Moscow aquifer (aQ II od + ms) from the lower Likhvin-Dnieper aquifer (aQ II l + d), acting as a regional confining layer for the lower aquifer (Fig. 5) . The static groundwater level is found at an absolute altitude of 49-53 m. The average hydraulic conductivity is 38 m/d, and the specific yield is estimated as 0.15.
A set of 18 observation wells was installed at the riverbank well field sites to collect data on the groundwater level. For a detailed analysis of the surface water and groundwater interactions at typical riverbank well field sites, a polygon that encompasses a comprehensive groundwater monitoring network was selected (Fig. 3) . As shown in Fig. 6 , the water intake is represented as a linear series of 6 WSWs (Nos. 15, 16, 17, 18a, 46, and 48) In this area, the groundwater monitoring network is composed of observation well Nos. 50-54 ( shown in Fig. 4 , which demonstrates a large fluctuation over time. The unsteady groundwater flow regime in this area is primarily conditioned by fluctuations in the reservoir stage. In addition, the unstable dynamics of groundwater withdrawal at the riverbank well field substantially enhance the unsteady flow regime.
Model-oriented experimental design of the monitoring network

Model setup
A mathematical modelling framework was applied to determine the structure of the groundwater flow and the hydraulic head in the observation wells by simulating the groundwater flow system at the riverbank well site. The designed model domain covered WSW Nos. 16, 17, 18a and 46, and no-flow boundaries were used for the side lines between WSW Nos. 15-16 and Nos. 18a and 48 (Fig. 6) . The model domain is 1500 m Â 620 m. To simplify the simulations, the average width of the reservoir (N r ) was set to 750 m (Fig. 6) , which is 50% of the model domain. The aquifer has impermeable boundaries defined by flow lines. The grid cells of the model are 10 m Â 10 m in size. A total of 9300 active cells were used to discretise the model domain.
Similar to the approach used by Filimonova and Shtengelov (2013) , a leaky riverbank aquifer system that consists of the confined/unconfined aquifer and the overlying less permeable layer was adopted in this study. The lower aquifer was set as confined/ unconfined because the groundwater pumping from this aquifer may possibly lower the water table; as a result, part of the initial confined aquifer, particularly in the vicinity of WSWs, may become unconfined (Wang et al., 2009) . Assuming the drawdown induced by groundwater abstraction is small compared with the saturated thickness, a specified-thickness approximation (Pinder and Bredehoeft, 1968; Sheets et al., 2015) was applied in this study; therefore, the transmissivity of the lower aquifer was considered constant throughout the simulation. The relationship between the lower confined/unconfined aquifer and the upper low permeability layer was determined by the coefficient of vertical leakage. Based on the analysis of hydro-geological conditions at the study site (Wang, 2008) and the typical storativity for alluvial sands (Shestakov, 2002) At the northern boundary, a head-dependent flux boundary was introduced below the reservoir. The field of the reservoir was specified by the area of flow under the reservoir with a transmissivity T and a leakage coefficient of the clogging layer v 0 , which is associated with the resistance parameter of the reservoir bed DL. According to the results received by interpreting the data of the regime observations at a typical alluvial riverbank (Shestakov and Wang, 2004) Note that among the factors that result in an unsteady flow regime at the riverbank well field, the most undesirable factor is the disordered dynamics of groundwater withdrawal, i.e., random changes in the temporal pumping patterns, which cause large changes in the groundwater flow structure. Nevertheless, the influence of groundwater withdrawal on water flow patterns can be eliminated during monitoring. Thus, a constant groundwater withdrawal rate, Q = 2750 m 3 /d for each WSW, was assumed during the model experiments to analyse the groundwater flow patterns. The stream-aquifer system was modelled using PMWIN (Chiang, 2005) as the pre-and post-processor for MODFLOW (Harbaugh et al., 2000) . Using the River package in MODFLOW for simulating head-dependent flux boundaries (Harbaugh et al., 2000) , the leakage coefficient v 0 was determined through the hydraulic conductance of the stream-aquifer interconnection C riv , which represents the resistance to the flow between the surface water and the groundwater caused by the riverbed, i.e., C riv = Fv 0 , where F is the surface area of a model cell (Harbaugh et al., 2000) .
The flow boundary condition at the riverbank (southern) boundary of the model domain was defined as a specified-flux boundary, which was represented by a constant flow rate per unit width from the riverbank q rb . Groundwater flow recharge q rb at the riverbank boundary was determined by setting additional infiltration w ⁄ in the boundary cells, which equals the ratio of the total inflows from the riverbank to the area of the modelled riverbank boundary, i.e., w
, where L rb is the length of the modelled riverbank boundary, and N rb is the width of the grid cell at the modelled riverbank boundary.
Model-oriented optimisation for designing monitoring networks
To design a monitoring network, the most important components to define are (1) the network density (the number of observation wells and their locations) and (2) the sampling frequency (the number of observations or samples per unit time) (Zhou, 1996) . In this section, a different observation network for the groundwater system was designed to optimise the monitoring network in the riverbank well fields using stream-aquifer interaction models. Effective estimation of hydraulic parameters DL and T under the different designs of groundwater monitoring generally drives the optimisation criteria.
Two parts of the optimisation of the monitoring network design are considered. The first part is the optimisation of the monitoring network configuration under steady flow conditions. The steady-state method may produce more reliable experimental data than the unsteady-state method because it is based on the direct application of the generalised Darcy's law. The second part is the optimisation of the observation regime under non-steady conditions to select a period that represents quasi-steady-state flow.
Experimental configuration design of the monitoring network
For the steady-state flow simulation, the lower aquifer was modelled under confined/unconfined conditions as represented by a single layer with a constant thickness of 52.5 m while neglecting the vertical leakage from the upper semipervious layer. We considered a uniform distribution of groundwater withdrawals at the riverbank well field, in which Q 16 = Q 46 = Q 18a = 2750 m 3 /d, and the water level in the reservoir was steady at 50.90 m (a 95% exceedance probability during the study period). The initial hydraulic heads over the model domain were assumed to be equivalent to the average static groundwater level, which was approximately 51 m.
Two typically designed groundwater observation lines were selected for the model experiments (Fig. 7) : the A-A line that passes midway between the WSWs and the B-B line that passes through the WSWs. For each designed observation line, three OWs were located on the side of the reservoir and two OWs were located on the side of the riverbank. As noted by Shestakov and Wang (2004) , a vertical flow can be observed in the vicinity of the WSW and river shoreline; therefore, the locations of the OWs should be far from these zones, and the distance between the nearest OW and the shoreline and between the nearest OW and the WSW should be larger than the aquifer thickness. Under the aforementioned conditions, both designed observation lines consist of 5 OWs, whose distances (Fig. 1) along the A-A line are x 0-1 = 60 m, x 1-2 = 60 m, x 2-3 = 50 m, and x 4-5 = 60 m and whose distances along the B-B line are x 0-1 = 50 m, x 1-2 = 60 m, x 2-3 = 50 m, and x 4-5 = 60 m. Fig. 7 shows a symmetrical groundwater flow structure by simulating steady-state groundwater flow. For the existing and designed observation lines, hydraulic parameters T and DL, based on the simulated hydraulic head in the observation wells, were estimated using the analytical calculations of Eqs. (3) and (4). Note that the OW closest to a WSW along the designed observation lines A-A and B-B (OW A3 and OW B3) is likely located in the zone that is clearly influenced by groundwater withdrawal from the nearby WSW. Therefore, the modelled hydraulic head in OW A3 and OW B3 were not used to estimate hydraulic parameters T and DL. The estimated T and DL using the analytical calculation for the three observation lines are presented in Table 1 . 
Table 1
The parameters T and DL under a steady-flow regime using analytical calculations.
Observation line
Design of the OW I rb (-) As shown in Table 1 , the hydraulic gradient from the riverbank (I rb ), which is defined by measurements in two OWs that are far from the WSWs, is stable. A slight difference in the hydraulic gradients is directed away from the reservoir (I r ); the estimated hydraulic gradient increases from observation line A-A (3.3 Â 10
À3
) to B-B (3.6 Â 10
). Compared with the set values (T = 2000 m 2 /d and DL = 250 m), the parameters T and DL can be estimated with an error of less than 5% for all three observation lines, including the existing line (Table 1) .
In practice, groundwater withdrawals from WSWs in the riverbank well fields are often non-uniform. A model experiment with the actual groundwater withdrawals from the WSW in the study site (Q 16 Under these conditions, the modelled flow structure slightly deviates from the symmetrical conditions, depending on the degree of the unevenness of the groundwater withdrawals from the WSW. As shown in Table 1 , the estimated hydraulic gradient directed away from the riverbank (I rb ) is similar for the three observation lines. However, the estimated hydraulic gradient directed away from the reservoir (I r ) greatly varied between the observation lines, from 3.6 Â 10 À3 to 4.6 Â 10 À3 . The estimated parameters T and DL conformed to the set values based only on observation line A-A, and the parameter DL was underestimated by nearly 25% for the existing line and the observation line B-B.
Note that the total groundwater withdrawals remained the same in both scenarios (uniform and non-uniform distributions of groundwater withdrawals from the WSWs), whereas the estimated hydraulic gradients from the riverbank and reservoir only remained similar for observation line A-A. Therefore, the designed observation line A-A better follows the local groundwater flow structure and provides more reliable information for estimating hydraulic parameters at the riverbank well fields. During groundwater monitoring, maintaining a relatively uniform distribution of groundwater withdrawals from WSWs is important for estimating the hydraulic parameters at riverbank well fields.
Experimental design for the observation regime
In practice, the assumption of a steady-state flow regime is typically violated because of fluctuations in the reservoir stage and because of unstable water withdrawals; thus, changes occur in the water withdrawals from a different WSW and the riverbank well fields (i.e., switching WSWs) are unstable. The latter condition creates remarkable difficulty in interpreting the data of regime observations. As a result, the groundwater flow structure can change substantially; therefore, when monitoring groundwater to estimate hydraulic parameters, abrupt changes in the groundwater withdrawal at riverbank well fields should be avoided. In this section, we considered the simplest unsteady flow at the riverbank well fields caused by changes in the reservoir stage and assumed that the groundwater pumping patterns remained unchanged. As described in Section 4.1, a simplified leaky riverbank aquifer system, in which a less permeable layer is located above the main aquifer, was used to simulate the subsurface flow processes.
For the unsteady flow regime, we consider a scenario in which a uniform distribution of groundwater withdrawals occurs, as described in Section 4.2.1. As shown in Fig. 4 , the river stage in the reservoir varies greatly throughout the period from October 2004 to October 2005, changing from 50.67 m to 53.47 m. The simulated groundwater level under steady-state conditions at the first time step was used to define the initial hydraulic heads over the flow domain; for reference, the river stage was 51.97 m. In accordance with the 54 measurements of the reservoir stage, the groundwater levels at the observation wells along both designed lines (A-A and B-B) were recorded using numerical modelling. Based on the simulated groundwater levels, a diagnostic assessment of the flow regime was conducted according to Eq. (5). The estimated DH varied from 1.33 to 1.41 using the recorded water levels along observation line A-A and changed from 0.93 to 1.13 based on the recorded water levels along observation line B-B. The difference in the estimated DH for observation lines A-A and B-B is likely related to the different hydraulic heads in the well closest to the WSW between A-A and B-B. Obviously, the hydraulic head in OW B3 is more greatly affected by groundwater withdrawals from the WSW than OW A3. In this study, the estimated DH based on the groundwater level records along observation line B-B (Fig. 8 ) was used to analyse the flow regime. constant high level (II), recession (III) and sharp rise followed by recession (IV); during a recession, periods of initial recession (III 1 ) and prolonged recession (III 2 ) occur (Fig. 8) .
Temporal variations in DH indicated an unsteady flow regime at the riverbank well fields due to river stage fluctuations, particularly in period IV when large changes in DH (up to 0.20) occurred. In this study, we assumed that variations in DH that are less than 10% of the average DH in periods I-III are quasi-steady flow. The hydraulic parameters for the select periods using the analytical solutions (Eqs. (3) and (4)) for the steady-state flow regime were estimated for observation lines A-A (OWs A1, A2, A4, and A5) and B-B (OWs B1, B2, B4, and B5). The results of the calculations are presented in Table 2 .
According to the analytical solution based on the simulated groundwater levels, the estimated T varied from 1970 m The average estimated DH for each regime period of I-III remained nearly the same between winter and summer-autumn, even though the average value of H 0 in each regime period in winter was lower than that in summer-autumn by approximately 20-30 cm (Fig. 8) . The estimated hydraulic parameters were largely related to DH. As shown in Fig. 9 , T exhibited a significantly negative linear relationship with DH (R 2 = 0.87); however, a highly positive linear relationship between DL and DH was identified (R 2 = 0.85). Note that the estimated hydraulic parameters greatly depended on the design of the observation line (including the location of the OW) and the fluctuations in river stage.
Comparing the set values of the hydraulic parameters (T = 2000 m 2 /d and DL = 250 m), the hydraulic parameters quantified from observation line A-A were overall better than those based on observation line B-B. Specifically, observation line A-A resulted in a 7% T error and a 4% DL error during the initial recession of H 0 (III 1 ). Based on the aforementioned analysis, the estimated hydraulic parameters T and DL were more favourable when they were calculated during the period of initial recession in H 0 along observation line A-A.
Summary and discussion
Estimations of the key properties of a groundwater flow system, such as the aquifer transmissivity T and the effective length (i.e., additional hydraulic resistance) of the riverbed DL, and their temporal effects on surface-groundwater interactions under forced filtration rely on a surface and groundwater monitoring network. An analysis of groundwater dynamics at the riverbank well fields near the Kuybyshev Reservoir showed that the steady-state flow regime is often violated due to the variations in groundwater extraction and fluctuations in river stages. A typical hydrograph for the reservoir during the study period can be used to distinguish the periods of rise (I), sustained constant high levels (II), recession (III) and sharp rise then subsequent recession (IV) in the pattern of the river water-level fluctuations; the period of recession can also be divided into periods of initial recession (III 1 ) and prolonged recession (III 2 ).
To estimate the two critical parameters that determine the surface-groundwater interactions under forced filtration and steady state flow assumptions, a diagnostic indicator of quasi-steady flow was introduced. Under the condition of permanent groundwater withdrawal patterns, the results of the groundwater flow simulations indicated that the changes in DH accounted for less than 10% of the average DH during periods I-III. Using the finite-difference equation, the estimation of hydraulic parameters T and DL, based on the simulated groundwater regime of the monitoring wells, demonstrated that the periods of initial recession in H 0 (III 1 ) are the most favourable for executing the regime observations; specifically, the errors in the estimated parameters were less than 7% when using observation line A-A and 12% when using observation line B-B.
Based on the model experiments, the observation line that passes midway between the water-supply wells (the line A-A) slightly differed from the line that passes through the centre of the watersupply wells (line B-B) when determining the hydraulic para- Table 2 Estimated hydraulic parameters T and DL for different regime periods.
Regime period
Observation line A-A Observation line B-B Fig. 9 . The relationship between the ratio of the hydraulic head difference DH and the hydraulic parameters T (left) and DL (right).
meters T and DL under a uniform groundwater-withdrawal distribution at the riverbank well fields. However, under a non-uniform groundwater-withdrawal distribution at the WSW, the hydraulic parameters T and DL were well estimated based on the simulated hydraulic head along observation line A-A. Notably, the assumption of essentially horizontal flow should not be applied in zones that are close to the water supply wells and the reservoir shoreline, where the vertical flow component is non-negligible. Therefore, when designing the observation line, special attention should be paid to the distance from the observation wells to the water supply wells and to the reservoir shoreline. Additionally, the observation wells should not be located in a zone with significant vertical flow (approximately the thickness of the aquifer) alongside the reservoir or alongside the water supply wells (Shestakov, 1995; Shestakov and Wang, 2004) . The hydraulic parameter DL was calculated without accounting for the impact of the storage capacity of the overlying semipervious layer on the changes in the groundwater levels. However, as shown by Wang (2008) , quantifying the parameter DL to account for the overlying layer capacity under an unsteady flow regime did not significantly improve the DL estimation; however, it required significant development of the observation network. The main limitation of this work is that the analysis conducted to evaluate unsteady flow without considering the influence of groundwater withdrawal can be greatly modified both temporally and spatially during riverbank filtration. Therefore, further research should focus on a more comprehensive analysis of the unsteady flow induced by the combination of river-stage fluctuations and the instability of groundwater extraction to design a reliable groundwater network at riverbank well fields.
Lastly, the approach for estimating the hydraulic parameters based on the surface-groundwater monitoring network is the simplest case; however, the subsurface flow-generating mechanism in the riverbank well fields is more complex than assumed in this study. The riverbank filtration processes are complicated by developing local hydraulically transitional or disconnected zones (Brunner et al., 2009 ) within initially fully connected stream-aquifer systems, in which unsaturated zones develop under streambeds due to intensive pumping from the WSWs (Filimonova and Shtengelov, 2013; Rivière et al., 2014) . In addition, thermal effects are known to cause significant changes in the hydraulic conductivity because the flow's kinematic viscosity is temperature dependent (Anderson, 2005; Nutting, 1930) . Fluctuations in the diurnal/ seasonal surface water temperature may exert an important influence on the rates of induced infiltration from the river/reservoir to the subsurface due to the temperature-sensitive streambed hydraulic conductivity (Constantz et al., 1994; Jaynes, 1990; Kalbus et al., 2007) . For the typical seasonal changes in the surface water temperature, i.e., 20°C (summer) to 5°C (winter), in the study area, the kinematic viscosity of the water changes by approximately 150%. Assuming that the riverbed temperature change as the same magnitude as the surface water temperature change and neglecting the variations in the groundwater temperature, the hydraulic parameter of riverbed DL may experience an increase from summer to winter equal to the square root of the ratio of the kinematic viscosity of the water in cold and warm season (Eq. (2a)), i.e., by approximately 120%. Therefore, traditional approaches for estimating hydraulic parameters based on the field monitoring of hydrological conditions in stream-aquifer systems require systematic observations of the potential development of unsaturated zones beneath the streambed and the thermal regime of surface/subsurface flow. Moreover, as indicated by Brunner et al. (2012) and Schilling et al. (2014) , traditional observations of hydraulic heads or river stages are insufficient in inverse problem solutions for estimating hydraulic parameters. Accordingly, a fully coupled, physically based 3-D numerical model that solves for flow and heat transport through saturated-unsaturated porous media (Anderson, 2005) should be implemented for reducing the uncertainty in parameter estimations (Brunner et al., 2012) using the combined pressure and temperature measurements of the surface water-streambed-aquifer system.
